Teng RJ, Wu TJ, Afolayan AJ, Konduri GG. Nitrotyrosine impairs mitochondrial function in fetal lamb pulmonary artery endothelial cells. Am J Physiol Cell Physiol 310: C80 -C88, 2016. First published October 21, 2015 doi:10.1152/ajpcell.00073.2015.-Nitration of both protein-bound and free tyrosine by reactive nitrogen species results in the formation of nitrotyrosine (NT). We previously reported that free NT impairs microtubule polymerization and uncouples endothelial nitric oxide synthase (eNOS) function in pulmonary artery endothelial cells (PAEC). Because microtubules modulate mitochondrial function, we hypothesized that increased NT levels during inflammation and oxidative stress will lead to mitochondrial dysfunction in PAEC. PAEC isolated from fetal lambs were exposed to varying concentrations of free NT. At low concentrations (1-10 M), NT increased nitration of mitochondrial electron transport chain (ETC) protein subunit complexes I-V and state III oxygen consumption. Higher concentrations of NT (50 M) caused decreased microtubule acetylation, impaired eNOS interactions with mitochondria, and decreased ETC protein levels. We also observed increases in heat shock protein-90 nitration, mitochondrial superoxide formation, and fragmentation of mitochondria in PAEC. Our data suggest that free NT accumulation may impair microtubule polymerization and exacerbate reactive oxygen species-induced cell damage by causing mitochondrial dysfunction. ) is formed as a byproduct during oxidative phosphorylation, from mitochondrial complexes I and III electron leakage (3). Increased mitochondrial O 2 Ϫ generation is a major contributor to oxidative stress in cells, and the adaptive mechanisms that decrease mitochondrial O 2 Ϫ levels, including manganese superoxide dismutase (MnSOD), are critical to cell survival. Recent studies provided evidence that nitric oxide (NO) may affect mitochondrial O 2 Ϫ formation by modulating oxidative phosphorylation (40) and mitochondrial biogenesis (37). This interaction is believed to play a critical role in vasomotor control.
) is formed as a byproduct during oxidative phosphorylation, from mitochondrial complexes I and III electron leakage (3) . Increased mitochondrial O 2 Ϫ generation is a major contributor to oxidative stress in cells, and the adaptive mechanisms that decrease mitochondrial O 2 Ϫ levels, including manganese superoxide dismutase (MnSOD), are critical to cell survival. Recent studies provided evidence that nitric oxide (NO) may affect mitochondrial O 2 Ϫ formation by modulating oxidative phosphorylation (40) and mitochondrial biogenesis (37) . This interaction is believed to play a critical role in vasomotor control.
Gao et al. demonstrated that disrupting endothelial nitric oxide synthase (eNOS) association with mitochondrial outer membrane leads to an increase in mitochondrial oxygen consumption in endothelial cells (17) . NO regulates mitochondrial function by providing a tonic inhibitory control on the oxidative phosphorylation (5, 7, 11) . This modulation of oxygen consumption prevents excess O 2 Ϫ formation, thus decreasing reactive oxygen species (ROS)-induced cell damage (3, 18) .
Intimate association between mitochondria and microtubules has been described for more than 30 years (21) . Microtubules interact with voltage-dependent anion channel (porin) of mitochondrial outer membrane (10) to regulate mitochondrial function (41) . Agents that disturb microtubule polymerization can affect mitochondrial biogenesis (24) and mitochondrial ROS formation (51) . It is likely that microtubule-active agents can disturb eNOS-mitochondrial interaction.
We previously reported that free nitrotyrosine (NT) incorporates into microtubules posttranslationally, disturbs microtubule polymerization, and uncouples eNOS function in pulmonary artery endothelial cells (PAEC) obtained from fetal lambs (48) . Free NT levels rapidly build up with infection but are cleared by the kidneys. However, the longer than expected half-life in plasma suggests that most of the free NT in plasma is probably coming from degradation of nitrated proteins (15, 23) . It is reasonable to assume that local concentration of free NT during infection is higher than plasma obtained distantly.
Plasma free NT levels are normally undetectable in healthy volunteers (16) , but levels above 20 M have been reported in patients with chronic renal failure and higher than 100 M in cases with superimposed sepsis (26) . Because free NT can affect polymerization of microtubules in endothelial cells (48) , it is possible that increased plasma free NT levels during infections can disturb mitochondrial function. This is clinically relevant since nosocomial infection is one of the known factors that impairs lung growth, especially in premature infants, while an adequate endothelial cell function is considered to be vital to lung growth. We hypothesize that 1) elevated free NT levels decrease eNOS-mitochondria association; 2) decreased eNOSmitochondria association results in an increase in mitochondrial oxygen consumption; and 3) the increase in oxygen consumption is associated with increased O 2 Ϫ formation with mitochondrial oxidative damage.
MATERIALS AND METHODS
Sheep is the most commonly used animal model to study lung disorders in human neonates, and our group has worked with this model for several years (26) . Studies were performed in PAEC isolated from fetal lambs (n ϭ 6) between passages 3 and 6 to maintain phenotype as suggested in the literature. PAEC from adult sheep and aortic endothelial cells (AEC) from fetal lambs were also used in some experiments. The use of animals was approved by the Medical College of Wisconsin Institutional Animal Care and Use Committee and conformed to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. PAEC were isolated from late premature fetal lambs as we previously described (26) . Endothelial cell identity was confirmed by factor VIII staining and acetylated-low density lipoprotein uptake for each experiment (26) .
Goat anti-hexokinase-II (Hek2), rabbit anti-eNOS, anti-heat shock protein-90 (hsp90), and anti-mitofusin-1 and -2 (MFN-1/-2) antibodies were from Santa Cruz Biotechnology (Dallas, TX). Rabbit antiporin antibody and mouse anti-mitochondrial complex protein cock-tail were from Abcam (Cambridge, MA). Rabbit anti-MnSOD antibody was from Assay Designs (Ann Arbor, MI). Rabbit anti-serine-637-phospho-dynamin-related protein 1 (DRP1) and DRP1 antibodies were from GeneTex (Irvine, CA). The mitochondria isolation kit was from ThermoFisher Scientific (Pittsburg, PA). The 5,5=,6,6=-tetrachloro-1,1=,3,3=-tetra-ethyl-benzimid-azolyl-carbocyanine iodide (JC-1) mitochondrial membrane potential kit was from Cayman Chemical (Ann Arbor, MI). Hanks' balanced salt solution (HBSS), endothelial-serum-free medium (SFM), MitoSOX, and MitoTracker Orange were from Invitrogen (Carlsbad, CA). All other chemicals, mouse anti-␣-tubulin (B5-1-2 and D-M-1-A), anti-acetylated-␣-tubulin (6-11B-1), and rabbit anti-NT (N0409) antibodies were from Sigma-Aldrich (St. Louis, MO).
Preparation of NT solution. NT stock solution (10 mM) was freshly prepared in sterile 0.1 N NaOH and filtered through a 0.22-m syringe filter. The pH of control media was adjusted with 0.1 N NaOH as previously described (48) .
Cell cultures. Endothelial cells were cultured in DMEM with 20% FCS, L-glutamine, and 1% antibiotic/antimycotic in a humidified incubator at 37°C in 21% O 2 with 5% CO2.
Mitochondria isolation. Mitochondria were isolated from PAEC by the differential centrifugation method and a Dounce homogenizer according to the manufacturer's instructions. PAEC were pelleted by centrifuging at ϳ850 g for 2 min, supernatant was removed, and mitochondria were isolated from the pellet using reagent from the kit.
Fluorescent staining. Endothelial cells were plated on four-well chamber slides until ϳ60% confluence, and then free NT (0, 1, 5, 10, or 50 M) was added to selected wells for overnight incubation. ATP (10 Ϫ5 M) was added for 10 min to activate the cells. Following ATP treatment, culture medium was removed, and cells were washed with HBSS. MitoTracker Orange (200 nM) was then applied for 30 min. Cells were again washed in HBSS and fixed in 4% formalin for 5 min at room temperature. Mitochondrial morphology was imaged by a technician blinded to the treatment using a fluorescent microscope (ϫ60 objective oil lens). Individual mitochondria (particle) were subjected to analysis by ImageJ after convolution, despeckle, and threshold at 3% to acquire value for circularity (4·area Ϫ1 ·perimeter Ϫ2 ) and length of major and minor axes under the function of "analyze particles" after setting measurements at "shape descriptors." From these values, form factor (FF: circularity Ϫ1 ) and aspect ratio (AR: major axis/minor axis) were calculated. High AR values represent elongated mitochondria (less fragmented), and high FF values indicate increased mitochondrial complexity (4). Low AR value (fragmented mitochondria) can lead to apoptosis (54) .
Immunoblotting and immunoprecipitation. Endothelial cells were cultured with/without the presence of free NT overnight before immunoblotting or immunoprecipitation. PAEC whole cell lysates were separated and blotted using mouse anti-␣-tubulin (D-M-1-A, 1:1,000) and mouse anti-acetylated-␣-tubulin (1:1,000) to study the stability of polymerized microtubules. PAEC cell lysates were immunoprecipitated using rabbit anti-hsp90 antibody and then blotted with either mouse anti-hsp90 antibody (1:500) or rabbit anti-NT antibody (1: 1,000) to study the extent of hsp90 nitration. Cell lysates obtained after incubation with different levels of NT (0, 1, 5, and 10 M) for 48 h were immunoprecipitated with 3 g mouse anti-mitochondrial complex protein cocktail, and the membranes were blotted with either anti-3-NT antibody or anti-mitochondrial complex protein cocktail (1:2,000) to study the extent of complex protein nitration.
To study the interaction between eNOS and microtubules, endothelial cells were washed with microtubule-stabilizing buffer (0.1 M PIPES, pH 7.0, 1 mM EGTA, 1 mM MgSO4, and 2 M glycerol) and then lysed in microtubule lysis buffer (25 mM Tris·HCl, pH 7.4, 0.4 M NaCl, and 0.5% sodium dodecyl sulfate) (52) before immunoprecipitation with anti-␣-tubulin antibody (B5-1-2). After separation by electrophoresis, proteins were blotted with rabbit anti-eNOS (1: 1,000), mouse anti-hsp90, or mouse anti-␣-tubulin (D-M-1-A, 1:1,000) antibodies. Whole cell lysates were blotted for DRP1 (1: 500), serine-637 (sheep serine-630), phospho-DRP1 (1:500), and MFN-1/2 (1:500) to study the effect of NT on mitochondrial fission and fusion. Whole cell lysates were blotted for Hek2 (1:1,000) and mitochondrial electron transport chain (ETC) complex antibody cocktail to study protein levels of enzymes involved in bioenergetics.
Mitochondria isolated from PAEC were lysed in radioimmunoprecipitation assay buffer (48) by vigorous vortexing and centrifuging at 13,000 revolutions/min. eNOS-associated proteins were immunoprecipitated using rabbit anti-eNOS antibody and protein A-Sepharose beads. The immunoprecipitated proteins were separated by 10% SDS-PAGE. Rabbit anti-eNOS antibody (1:2,000) and anti-porin antibody (1:500) were used as primary antibodies for immunoblots. Lysates were also immunoprecipitated with rabbit anti-MnSOD antibody and blotted with both rabbit anti-MnSOD (1:1,000) and anti-NT (1:1,000) antibodies to study MnSOD nitration. ImageJ was used to analyze the band densities for all immunoblots, and immunoprecipitated protein (eNOS or MnSOD) was used as loading control.
Mitochondrial DNA copy number. Primers for sheep NADH dehydrogenase 1 (ND1; ENSOARG00000000006.1; forward: GGAG-GACTGAACCAAACCCA; reverse: GCCTGAGGATAGGGG-AATGC) and -2 (ND2; ENSOARG00000000010; forward: TACTTCAACCCATCGCCGAC; reverse: ACGGCTAGGCTT-GATATGGC) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; ENSOARG00000004849; forward: CGTGAAGGGCTGTT-TACCGA; reverse: ACGTGTCCGTTGTGGATCTG) DNA were designed according to sheep sequence. The polymerase chain reaction cycle started at 95°C for 3 min then 40 cycles of 95°C for 10 s followed by 60°C for 30 s, then 95°C for 1 min, and ended at 55°C for 1 min. The number of the threshold cycle (C t) for each target mitochondrial DNA (mtDNA) was normalized to the corresponding Ct of GAPDH nuclear DNA to obtain the ⌬Ct, and then 2
Ϫ⌬⌬Ct was calculated against the corresponding control PAEC to obtain the relative mtDNA copy number.
Oxygen consumption. PAEC treated overnight with/without NT were trypsinized, washed with HBSS, and then suspended in endothelial-SFM. Cells (2ϫ10 6 in 200 l) were used for studies with Oxygraph (Hansatech Instruments, Norfolk, UK) containing 174 l of mitochondrial respiration medium (0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine, 10 mM KH2PO4, 20 mM K-HEPES, 1 g/l fatty acid-free BSA, and 200 mM sucrose, pH 7.1) at 37°C. The cells were permeabilized with 2 l digitonin (10 mg/ml) for 2 min. Succinate (5 mM), 4 l, was injected to stimulate state II respiration followed by 20 l ADP (50 mM) to stimulate state III respiration. Oxygen consumption (nmol·s Ϫ1 ·2 ϫ 10 Ϫ6 cells) was continuously recorded, and slopes for state III respiration were calculated for comparisons.
Mitochondrial ROS formation. Mitochondrial ROS formation was studied using MitoSOX Red (43) . PAEC were incubated with/without 50 M NT overnight at ϳ60% confluence. MitoSOX Red (5 M) was added for 15 min at 37°C, with/without 10 Ϫ5 M ATP, and then cells were washed two times with HBSS followed by 4% formalin fixation. Polyethylene glycol-conjugated Cu,Zn-SOD (PEG-SOD, 300 U/ml) was used to confirm the signal was mainly due to O2
Ϫ . Fluorescence was imaged with excitation and emission at 510 and 590 nm, respectively. Fluorescence was quantified using MetaView software and expressed as relative light units.
Mitochondrial membrane potential by flow cytometry. JC-1 selectively enters healthy mitochondria, with high membrane potential (⌬⌿m), to form orange-red fluorescing aggregates but exists as green fluorescing monomers in cells with unhealthy mitochondria (44) . The JC-1 orange-red/green ratio was thus used in this study to evaluate ⌬⌿m. PAEC with/without 50 M NT overnight treatment were stimulated with ATP (10 Ϫ5 M) for 10 min and then stained with JC-1 for 15 min before trypsin treatment. The cells were washed with assay buffer two times and analyzed on a FACS Calibur (Becton-Dickinson, San Jose, CA) flow cytometer using CellQuest Pro software. A total of 30,000 cells were measured for each sample.
MnSOD activity. We measured MnSOD activity by the colorimetric method using a Superoxide Dismutase Assay Kit (Cayman Chem-ical), based on the principle of inhibition of O 2 Ϫ -mediated tetrazolium conversion into formazan by SOD, according to the manufacturer's instruction. PAEC with/without 50 M NT overnight treatment were scraped into 20 mM HEPES buffer (pH 7.2, containing 1 mM EGTA, 210 mM mannitol, and 70 mM sucrose). The cell suspensions were centrifuged at 1,500 g for 5 min at 4°C. MnSOD specific activity was measured by absorbance at 450 nm after the addition of KCN, which inhibits Cu,Zn-SOD and was normalized to the protein content.
Statistical analysis. Data were analyzed by MedCalc Statistical Software version 15.2.1 (MedCalc Software, Ostend, Belgium; http:// www.medcalc.org) and GraphPad Prism 6.01 and expressed as means Ϯ SE. One-way ANOVA with Student-Newman-Keul's post hoc test was used, after Levene's test for equality of error variances, for comparison of more than two groups. Student's t-test, or MannWhitney U-test, was used for comparing two groups wherever appropriate. A P value Ͻ0.05 was considered significant.
RESULTS
Free NT destabilizes microtubules and increases the binding of hsp90 and eNOS to microtubules. Acetylation of ␣-tubulin stabilizes polymerized microtubules and promotes intracellular protein transport (29, 42) . Free NT did not change the ␣-tubulin protein level but decreased ␣-tubulin acetylation in PAEC (0.45 Ϯ 0.04 vs. 0.16 Ϯ 0.01, n ϭ 3, P Ͻ 0.05, Fig. 1A ). This is consistent with our previous report that free NT depolymerizes microtubules (48) . Free NT also increased hsp90 nitration (Fig. 1B) , which may contribute to decreased association between eNOS and hsp90 (48) . The increased association between eNOS and ␣-tubulin, and between hsp90 and ␣-tubulin (Fig. 1C) , together with the decreased association between eNOS and hsp90 we reported previously (48) suggested that free NT prevents normal chaperone interaction between hsp90 and eNOS.
Free NT decreases eNOS interaction with mitochondria. The interaction between porin and eNOS is important for regulation of eNOS activity (46) and is especially important for vascular endothelial cell function. Immunoprecipitation of mitochondrial lysates showed decreased association between porin and eNOS in the presence of free NT after ATP stimulation (47.7 Ϯ 14.1%, n ϭ 3, P Ͻ 0.05, Fig. 2 ). According to these observations, we speculate that free NT decreases eNOS docking to the mitochondrial outer membrane during NOS stimulation, secondary to impaired targeting by hsp90 and/or by the microtubules.
Free NT increases mitochondrial oxygen consumption. The state III oxygen consumption of PAEC increased in the presence of free NT (Fig. 3A) . When the NT level reached 10 M, the state III oxygen consumption by PAEC doubled (0.16 Ϯ 0.03 cells vs. 0.08 Ϯ 0.01 nmol·s Ϫ1 ·2 ϫ 10 Ϫ6 cells, P Ͻ 0.05, n ϭ 5), indicating higher oxygen requirement for ATP synthesis. . Immunoprecipitation using hsp90 antibody shows that free NT increases hsp90 nitration (B). Free NT increases both eNOS-tubulin (ᮀ) and hsp90-tubulin () associations (C). *P Ͻ 0.05 between groups; † P Ͻ 0.01 between groups for eNOS-tubulin association; and ‡ P Ͻ 0.05 between groups for hsp90-tubulin association. Fig. 2 . Free NT decreases porin-eNOS association. Immunoprecipitation of eNOS followed by immunoblotting with porin antibody showed that free NT decreases porin-eNOS association after ATP stimulation, indicating that free NT decreases eNOS interaction with mitochondrial outer membrane after activation. The porin-to-eNOS ratio for ATP-treated control was set as "1" for each experiment. *P Ͻ 0.05 from the other 3 groups.
Under a low level of free NT (1-10 M) there was no significant difference in mitochondrial ETC proteins and Hek2 in whole cell lysates (data not shown), but nitration of all five ETC proteins increased significantly by immunoprecipitation using mitochondrial ETC antibody cocktail to pull down proteins and then blotted with nitrotyrosine antibody (Fig. 3B) . When the NT level reached 50 M, the levels of all five complex proteins of the mitochondrial ETC were decreased in PAEC whole cell lysates, as determined by Western blots; however, there was no change in the level of Hek2, a key regulatory enzyme in the glycolytic pathway (Fig. 3C) . Similar changes were also observed in fetal aortic endothelial cells and adult PAEC (Fig. 3D ) whole cell lysates except ETC levels started to decrease at 10 M NT in adult PAEC. These data indicate that different types of endothelial cells may have different susceptibility to free NT.
Free NT increases mitochondrial ROS formation.
We previously showed that free NT increased ROS formation in PAEC probably through eNOS uncoupling (48) . In this study, we observed that free NT significantly increased MitoSOX fluorescence in PAEC (n ϭ 7, P Ͻ 0.05 by 2-way ANOVA, Fig. 4 ), indicating increased mitochondrial ROS formation. PEG-SOD significantly decreased the ROS signal, suggesting O 2 Ϫ is the major mitochondrial ROS that generated the MitoSOX fluorescence.
Free NT decreases ⌬⌿ m . Free NT decreased the JC-1 orange-red/green ratio in PAEC (n ϭ 5, P Ͻ 0.05, Fig. 5 ), indicating a decrease in ⌬⌿ m , which could lead to increased mitochondrial damage (44) .
Mitochondria are more fragmented in the presence of free NT. The MitoTracker Orange fluorescence was mainly distributed in the perinuclear zone after ATP stimulation. Free NT- Fig. 3 . Free NT alters mitochondrial function. A: free NT increases state III oxygen consumption in PAEC. Oxygen consumption was studied after stimulation with 5 mM succinate. State III oxygen consumption increased after both 1 and 10 M free NT (inset). The slope of oxygen consumption was doubled by 10 M free NT. B: mitochondrial electron transport chain complex proteins I-V were immunoprecipitated with the mixture of 5 antibodies, followed by immunoblotting for NT. At low levels (1, 5, and 10 M) of free NT, there was no significant change in the level of mitochondrial complex proteins (data not shown). However, nitration of all 5 complex proteins increased significantly (B). The largest increase in nitration was seen in complex 4. C: higher concentration of free NT (50 m) decreases the levels of mitochondrial electron transport chain proteins in whole cell lysates determined by Western blot, but not hexokinase II. D: high concentration of free NT (50 M) similarly decreases the levels of electron transport chain proteins in fetal aortic endothelial cells (AEC) and adult PAEC whole cell lysates. *P Ͻ 0.05 compared with control.
treated PAEC had more fragmented mitochondria with lower AR when the level reached 1-5 M and were less complex with lower FF when the level reached 10 M, suggesting mitochondrial dysfunction or damage in the presence of free NT (Fig. 6A) (4, 25) and further supporting the JC-1 observations. Similar changes were also seen in fetal aortic endothelial cells (Fig. 6B ) and adult PAEC (Fig. 6C) Mitochondrial DNA copy number increases after NT treatment. Relative mtDNA copy numbers increased by 2.87 Ϯ 0.38-fold for ND1 (n ϭ 4, P Ͻ 0.05) and 3.13 Ϯ 0.65-fold for ND2 (n ϭ 4, P Ͻ 0.05) in the presence of 50 M NT, indicating a response to mitochondrial damage.
No change in MnSOD activity and nitration after NT treatment. We did not see changes in either nitration of Mn-SOD protein (1.02 Ϯ 0.51 vs. 1.48 Ϯ 0.28, n ϭ 3, P ϭ 0.45) or MnSOD activity (1.22 Ϯ 0.15 vs. 1.19 Ϯ 0.17 U/mg protein, n ϭ 4, P ϭ 0.87) after free NT treatment. These results suggest that the increase in MitoSOX fluorescence with exposure to free NT is not due to changes in MnSOD activity.
DISCUSSION
Nitrotyrosine was generally regarded as a signature for nitrosative stress until Kooy and Lewis (27) reported that free NT can also impair the vascular response to adrenoceptor agonists. Mihm et al. later reported that free NT causes vascular endothelial dysfunction and DNA damage (34) . It is cytotoxic to mouse endothelial cells with LC 50 ϳ98 M (35). Our group has worked on neonatal lung disorders using sheep as the animal model for years. We recently reported that free NT uncouples eNOS and impairs in vitro angiogenesis of PAEC at levels as low as 1 M (48). In that report we also provided evidence that NT disturbs polymerization of microtubules with increased apoptosis.
Acetylated ␣-tubulin is abundant in polymerized tubulins (2, 5, 38, 49). This acetylation not only plays an important role in intracellular protein (42) and organelle transport (20, 39) but also contributes to eNOS serine-1177 phosphorylation (47) and hsp90-Akt/PKB interaction (5), all of which are important to angiogenesis by enhancing NO production. Judging from our previous report that free NT uncouples eNOS activity, it is plausible to assume free NT accumulation during inflammation could also impair mitochondrial function. Free NT was first shown to inhibit mitochondrial function in neurons at levels as high as 125 M (31). In this study similar findings were observed in endothelial cells, with high levels of free NT (10 -50 M) leading to fragmentation of mitochondria.
A wide range of free NT has been used (1 nMϳ250 M) to study NT effects on cells or organs (27, 31, 34, 35) . In this Fig. 6 . Free NT affects mitochondrial morphology. Mitochondrial morphology was analyzed after MitoTracker Orange fluorescent staining and processed by Image J. Mitochondria became more fragmented, but less complex, in the presence of free NT, and the severity escalated as free NT level increased (A). Similar changes were also observed in fetal AEC (B) and adult PAEC (C) with difference in susceptibility. The level of dynamin-related protein-1 (DRP1) increased, but the level of phosphorylated DRP1 decreased by 50 M free NT, indicating less mitochondrial fusion. Free NT also decreased the levels of mitofusin-1 and -2, which are required to facilitate mitochondrial fusion (D). AR, aspect ratio; FF, form factor. study, we showed that free NT decreased ␣-tubulin acetylation and impaired mitochondrial function in endothelial cells at levels as low as 1 M, which is a level commonly seen during severe infection (26) . The different susceptibilities observed in our studies compared with another report (31) may be secondary to either different phenotypes or different developmental stage. This may be even more important in young infants since impaired mitochondrial function, angiogenesis, and eNOS activity can lead to poor lung growth (1) while nosocomial infection is an important contributing factor to bronchopulmonary dysplasia in prematurely born infants. We also observed that the effect of free NT is not limited to fetal PAEC but also impair mitochondrial function in AEC from fetal sheep and PAEC from adult sheep.
Acetylated ␣-tubulin is an inherent component of mitochondrial membrane that interacts with porin (10) . Porin is a global regulator of mitochondrial function (8) . The interaction between microtubules and porin helps to maintain ⌬⌿ m and regulates mitochondrial metabolism (14) . We observed decreased ␣-tubulin acetylation and porin-eNOS association, and increased mitochondrial O 2 Ϫ formation after NT treatment, suggesting that free NT can impair endothelial function by disturbing reversible polymerization of microtubules and mitochondrial function.
In the present study, we observed that increased free NT levels impair eNOS-mitochondrial interaction. These changes were accompanied by disturbed mitochondrial function (19) as shown by decreased ⌬⌿ m and increased mitochondrial fragmentation. Decreased ⌬⌿ m and ATP synthesis usually precede apoptosis and necrosis (30) . Even at low levels of free NT (1-10 M), ETC proteins were nitrated, a process known to decrease ATP formation (33) . At a high level of NT (50 M), we observed both an increase in nitration and a decrease in the levels of all five ETC complex proteins. The increase in DRP1 with decreases in phospho-DRP1 and MFN protein levels suggests impaired mitochondrial fusion and fission at high free NT levels. These findings indicated that high levels of free NT impair mitochondrial morphology and function in endothelial cells.
NO regulates mitochondrial oxygen consumption in a concentration-dependent manner (5, 11) . Our data suggest that NT decreases eNOS-mitochondria association, which may decrease NO availability for mitochondria. This hypothesis is supported by the increase in state III oxygen consumption observed in the presence of NT in our studies. The decreased NO availability may also explain the increase in mitochondrial ROS production, collapse of ⌬⌿ m (9), and mitochondrial fragmentation. Previous studies suggested that eNOS-mitochondria association provides a milieu of appropriate NO concentration that regulates oxygen consumption and ROS production in endothelial cells (17) .
hsp90 is an important regulator of NO production and angiogenesis. Prolonged NT exposure increases hsp90 nitration in PAEC and further aggravates eNOS uncoupling (53, 54) . Similar to the report by Su (45) that microtubule-active agents modified NO production, we previously also reported that NT decreases NO production (48) . However, contrary to Su's report, we observed increased eNOS-␣-tubulin association in the PAEC. The significance of this increased association with respect to eNOS uncoupling and decreased eNOS docking to mitochondria in the presence of free NT requires further investigation.
Eiserich reported that NT incorporation into microtubules decreases the binding of dynein to microtubules (13) . Acetylation of ␣-tubulin is known to be associated with polymerization of microtubules (36) . Dompierre reported that increased ␣-tubulin acetylation promotes the association of microtubules with dynein and kinesin (12) . Dynein and kinesin are microtubule-associated motors that transport cargo along microtubules (22) . We observed that free NT decreases ␣-tubulin acetylation, suggesting that NT may contribute to decreased dynein binding to microtubules (13) .
Contrary to the report by Giustiniani that microtubule acetylation favors hsp90 recruitment to microtubules (20) we found an increased hsp90-microtubule association after NT exposure. The reason for these different observations in the two studies requires further investigation. One possible reason for the difference may be the use of trichostatin A to increase microtubule acetylation in Giustiniani's report, which also is known to affect other cell functions (28) . Another possible explanation is that we used PAEC, whereas Guistiniani used nonendothelial cell lines, which may respond in different ways. We also observed that NT increases eNOS-microtubule association. The increased eNOS-microtubule binding by NT may decrease eNOS docking to mitochondria by decreasing its translocation.
There are two possible explanations for the increased mitochondrial ROS formation observed in our study, decreased MnSOD activity or increased electron leak from oxidative phosphorylation. We did not see changes in either MnSOD nitration (32) or MnSOD activity by NT. Our findings suggest that the increased mitochondrial ROS formation is primarily due to impaired regulation of oxidative phosphorylation.
In summary, our data show that prolonged free NT exposure impairs microtubule function and eNOS docking to mitochondria in PAEC, resulting in increased mitochondrial ROS production and mitochondrial dysfunction. Low levels of NT (1-10 M) impair oxidative phosphorylation, whereas high levels (50 M) lead to impaired mitochondrial biogenesis. Our observations provide another NO-mediated mechanism by which severe infections can lead to impaired endothelial cell function. This mechanism may contribute to the impaired lung growth observed with nosocomial infections in premature infants (1, 50) . However, there are some limitations that should be considered in the interpretation of our results. Our study was conducted in vitro using isolated endothelial cells, and the responses may be different phenotypically from what will happen in vivo in the vascular endothelium.
